Abstract-The effect of an externally-applied 70-100 kG axial magnetic field in the temporal evolution of the extreme ultraviolet emission from a 500 pm diameter highly-ionized LiH capillary discharge has been studied. In the absence of external magnetic confinement, strong emission from ionic transitions excited by collisional recombination is observed at the end of the current pulse. The externally-applied magnetic field is observed to reduce the intensity of the recombination lines by decreasing the rate of plasma cooling by electron heat conduction to the capillary walls. In contrast, the self-generated magnetic field of the discharge aids to the generation of an initially hot plasma, and allows rapid conduction cooling at the end of the current pulse. The results are discussed in relation to a proposed capillary-dischargeexcited extreme ultraviolet recombination laser scheme.
I. INTRODUCTION ASER radiation at soft X-ray wavelengths has been
L demonstrated in highly-ionized plasmas generated by high-energy laser pulses. Both collisional electron excitation [ 11- [3] and collisional electron-ion recombination schemes [4] - [7] have been successfully employed to create population inversions. These experiments used larger laser systems as the pumping source, in some cases the same lasers used for fusion research.
Fast capillary discharges can efficiently produce dense, highly-ionized plasmas with a large length-to-diameter ratio [8]- [13] and are of interest to explore the possibility of generating extreme ultraviolet (XUV) laser radiation in a compact discharge-excited device [14] . In a capillary discharge geometry, hot plasmas created during high-current density pulses are a potential medium for the generation of population inversions by collisional electron excitation, while rapid cooling of the plasma column at the The collisional recombination laser excitation scheme [ 151 is particularly attractive for achieving an efficient utilization of the pumping energy because it can transfer a significant fraction of the energy stored in ground-state ions into the upper-laser level [ 161. Ground-state ions can be efficiently generated in a plasma and when the plasma cools collisional recombination of these ions with plasma electrons predominantly populates the higher energy levels, originating population inversions. Due to the strong dependence of the collisional recombination rate on the inverse of the electron temperature [17] , rapid cooling of the plasma is a key requirement for the generation of large inversions. In the case of plasmas generated by laser ablation, three different cooling mechanisms have been reported to be successfully used in generating amplification at soft X-ray wavelengths by collisional recombination: adiabatic expansion of the plasma [5] , electron heat conduction [7] , and radiation losses [I] . The highest energy soft X-ray laser pulse reported corresponds to the 18.2 nm line of CVI in a magnetically-confined radiatively-cooled plasma column [ 11. The externally-applied magnetic field was used to reduce charged particle diffusion, thereby maintaining the density of the laser created plasma relatively constant, as inelastic collisions followed by radiative decay cooled the electron gas.
In recent experiments with highly-ionized capillary-discharge plasmas [lo], we have observed the emission from XUV radiative transitions excited by collisional recombination at the end of the current pulse. Time-resolved XUV spectroscopy of a 500 pm diameter LiH capillary plasma excited by a 45 ns FWHM 5 J current pulse showed OVI impurity lines to be dominant in the spectra at times near the peak of the current pulse, while lines from lesser ionized species excited by collisional recombination were the most intense during the decay of the current pulse [7] . Herein we discuss the effect of an intense (70-100 kG) externally-applied axial magnetic field on the XUV emission associated with plasma recombination in a 500 pm diameter LiH capillary discharge. This is, to our knowledge, the first study of the evolution of a capillary-discharge plasma confined by a strong axial 0018-9197/90/1000-1809$01 .OO O 1990 IEEE 1810 magnetic field. The results of the experiments discussed in this paper demonstrate the dominant role of electron heat conduction in cooling the capillary discharge plasma.
The capillary discharge setup employed in this experiment was similar to that we used in previous studies which did not include an externally-applied magnetic field [ 121, [ 131. The plasma was generated in a lithium hydride capillary 76 mm long and 500 pm in diameter, excited by a 5 nF ring of ceramic capacitors. The capacitors were connected to two hollow graphite electrodes placed at the end of the capillary through a compact triggered spark-gap switch pressurized with SF,, which was not part of the setup in the previous experiments. While this switch causes an undesirable increase in the discharge circuit inductance relative to our previous experiments, thereby increasing the discharge current pulsewidth, it also makes the discharge firing very reliable, allowing an effective synchronization of the discharge pulse with the peak of the magnetic field. The inclusion of the pressurized spark gap in the discharge circuit also allowed us to perform discharges applying voltage values above the self breakdown voltage of the capillary.
An intense axial magnetic field of up to 106 kG was generated by discharging a 400 p F capacitor through a compact solenoid 10 cm in length that closely surrounds the capillary, as illustrated in Fig. 1 . The magnetic field discharge circuit was controlled by a sealed pressurized triggered spark-gap and had a current half cycle of 260 ps, thereby providing a practically constant magnetic field during the much shorter time of the capillary discharge.
When the capacitor was charged to 4 kV, the peak current circulating through the solenoid reached 16 kA, corresponding to a magnetic field intensity of 106 kG. The magnetic field was measured using a precalibrated Hall probe located in the place normally occupied by the discharge channel. The magnetic field values measured with the Hall probe was found to be in good agreement with those calculated based on the value of the current that circulates through the solenoid.
The synchronization of the capillary discharge current pulse and the peak intensity of the magnetic field was achieved by first firing the spark gap in the magnetic field circuit and then, after a time interval set by a delay generator, the capillary discharge. The timing of the capillary discharge current pulse relative to the peak of the magnetic field was monitored by recording the addition of the signals from a capacitive probe that monitored the voltage of the capillary discharge capacitors and the signal from the Rogowski coil that monitored the current through the solenoid. Fig. 2(a) shows the first half cycle of the current pulse through the solenoid. A sudden step down in the sinusoidal signal of the coil current indicates the moment when the voltage of the capacitors drops due to the capillary discharge. This signal also indicates the value of the current through the solenoid and consequently the value of the external magnetic field during the discharge.
The capillary discharge volume was pumped from both ends with a turbomolecular pump to pressures in the range of torr and was connected through a vacuum duct to 
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12--- a 1 m focal length normal incidence vacuum spectrograph placed inside a Faraday room along with all the other diagnostic and data gathering apparatus. Efficient light gathering was obtained using an aluminum-coated spherical mirror at grazing incidence to focus the axially emitted capillary radiation in the slit of the spectrograph. The mirror also protected the spectrograph grating from the debris produced by the discharge [ 181. Time-resolved spectra with approximately 5 ns time resolution were obtained by gating a windowless dual multichannel plate intensified array detector [19] . The time evolution of the intensity of selected spectral lines was also monitored using a vacuum UV photomultiplier furnished with a sodium salicylate coated window. The gating pulse to the multichannel intensifier and the signal from a Rogowski coil that monitors the capillary current pulse were recorded and stored for every discharge shot using a 200 Msample/s dual-channel transient digitizer, allowing the determination of the recording time of the spectra relative to the current pulse. A typical capillary discharge pulse for a 55 kV charging voltage is illustrated in Fig. 2(b) , having a peak of 4.9 kA and a full width at half maximum of 75 ns. The peak of the current pulse occurs at 42 ns and the current is zero at 114 ns from the initiation of the pulse. We observed, as it was previously reported for a similar discharge [12] , that OVI 103.2 and 103.7 nm impurity lines dominate the 52-1 10 nm spectral region at the time of the peak of the current pulse. Using a simple collisional-radiative model and taking into account the rise time of the discharge pulse, it is possible to show that the axial region of the capillary plasma must reach a temperature of at least 27 eV to produce a spectrum dominated by OVI lines.
The discharge generated in the presence of a strong axial magnetic field were observed to have prolonged emission from the lines associated with the highest degree of ionization observed during the discharge (OVI). Fig. 3 illustrates the temporal evolution of the intensity of the OVI 103.2 nm line corresponding to discharges with B = 100 kG, B = 70 kG, and B = 0 axial magnetic fields measured using the photomultiplier. A significant increase in the FWHM of the OVI light signal is observed when the external magnetic field is applied, almost doubling its persistence for 100 kG compared with the B = 0 case. The prolonged emission is a consequence of the reduction of charged particle diffusion to the walls due to magnetic confinement and also, as shown below, of reduced plasma cooling.
The temporal evolution of the XUV emission in the wavelength range from 68 to 110 nm of the LiH capillary for a magnetically confined discharge ( B = 70 kG) and for a discharge without an externally applied magnetic field ( B = 0) is shown in Fig. 4 . These spectra were obtained using a 600 lines/mm grating, providing a spectral resolution of 0.04 nm/channel in the diode array detector. The time delay of each spectrum relative to the beginning of the current pulse are indicated with an uncertainty of 5 ns set by the resolution of the transient digitizer used to record the signals. At 48 ns time delay, corresponding approximately to the peak of the current pulse, there is no significant difference between the B = 0 and the B = 70 kG spectra. The OVI 103.2 and 103.7 nm lines dominate the spectrum in both cases. The similarity of the XUV spectra at the time near the current peak is not surprising, since even with no externally applied magnetic field, the plasma is still being magnetically confined The times delay indicated in each spectrum is relative to the beginning of the current pulse. The current has its peak at 42 ns and is zero at 114 ns .
by the self-generated field of the capillary discharge current, which, for a 5 kA discharge through a 500 pm diameter capillary, reaches 40 kG. Nevertheless, Fig. 4 shows that at later times, as the discharge current decreases, the influence of the externally applied magnetic field becomes significant in controlling the plasma evolution. At 118 ns after the initiation of the current pulse, shortly after the time when the current is zero, the spectrum corresponding to B = 0 shows strong excitation of the transition at 72.9 nm and also intense emission in the neighborhood of 92.3 nm. A more detailed observation of the 92.3 nm emission utilizing a 2400 lines /mm grating for higher spectral resolution, allowed us to identify it with OIV transitions at 92.13 and 92.34 nm. The emission at 72.9 nm corresponds to the 3-2 transition of LiIII with a possible contribution from the OV line at 72.89 nm which cannot be resolved with the spectrograph used in this experiment. Both the 72.9 nm line and the OIV 92.3 nm emission are nearly one order of magnitude more intense at the end of the current pulse than at the peak of the current pulse. This behavior is consistent with excitation following collisional electron-ion recombination as the plasma cools. In contrast, the spectra taken with approximately the same time delay when a 70 kG axial magnetic field was applied show nowhere near the same increase in the intensity of the recombination excited lines. Moreover, the spectra corresponding to the B = 0 discharge present a recombination continuum of significant intensity which is considerably weaker in the case of B = 70 kG spectra. Data obtained in the presence of a 100 kG magnetic field display similar effects.
Computation of the plasma cooling rates show that the reduced recombination observed in the magnetically confined discharges is a consequence of a large reduction in the plasma electron heat conduction cooling rate, as discussed below. Fig. 5 illustrates the calculated magnitude of the electron heat conduction and radiative plasma cooling rates as a function of the electron temperature for a capillary plasma 500 pm in diameter having a plasma density of 1 -10l8 ~m -~. The electron heat conduction rates were computed using Braginskii's heat conduction coefficients 1201. The radiative cooling rate due to the hydrogenic lithium ions was calculated using a collisional-radiative model which includes all excited states having principal quantum numbers n up to 12, while the radiative power loss coefficient calculated by Keane and Skinner [2 13 was used to approximate the electron cooling rate due to oxygen ions.
The cooling rates were estimated for the case in which the densities of OIV, LiIII, and totally ionized Li ions are equal to 1 -loi7 ~m -~, since these densities are likely to be a fair representation of the conditions existing shortly after the peak of the discharge current peak. Fig. 5 shows that in the absence of a strong magnetic field, electron heat conduction to the capillary walls is the dominant plasma cooling mechanism. The 70 kG axial magnetic field causes an important reduction of the electron heat conduction rate, resulting in reduced plasma recombination which is in agreement with the spectra presented in Fig. 4 . Computations done for other ionic distributions that might possibly exist in the discharge, such as more highly ionized plasmas in which the ratio of Li I11 to totally ionized Li is 1 : 4 , also show a similar decrease in the plasma cooling rate when the axial magnetic field is applied. While in Fig. 5 the cooling rates for all plasma temperatures were calculated assuming a constant degree of ionization and constant ratio of the population of the different ions, during the evolution of the capillary plasma these ratios will change. That is, as the plasma cools the actual degree of ionization decreases, and consequently, at lower temperatures the radiative cooling rate in the discharge can be expected to be lower than the value in Fig.  5 . In any case, the important reduction in the plasma cooling rate caused by the 70 kG applied magnetic field is clearly illustrated by the simple calculations described above.
In a small diameter capillary discharge geometry where the plasma is closely surrounded by the walls, electron heat conduction is frequently the dominant plasma cooling mechanism. In this situation, a strong externally applied axial magnetic field diminishes the electron heat transport coefficient causing an important reduction in the plasma cooling rate which consequently decreases the plasma recombination rate at the end of the discharge cur-rent pulse. Consequently, in a capillary discharge recombination laser scheme in which conduction cooling is the dominant power loss mechanism, an externally applied magnetic field would have a negative effect in the generation of population inversions. The opposite effect can be expected in the case of a capillary discharge in which radiation losses is the dominant plasma cooling mechanism. In this case, a strong externally applied axial magnetic field is likely to enhance the creation of population inversions by reducing charged particle diffusion and maintaining a high density as the plasma cools, as has already been reported for a magnetically confined laser created plasma column [4] .
While the externally applied magnetic field is not beneficial in a conductively-cooled capillary plasma recombination laser scheme, the self-generated magnetic field generated by the capillary discharge current is ideally suited. That is, the magnitude of the electron heat con- current pulse, when rapid plasma cooling is required, the intensity of the self-generated magnetic field decreases and the electron heat conduction increases significantly, resulting in rapid cooling of the plasma and intense emission from transitions excited by collisional recombination. Under adequate plasma conditions, the rapid plasma cooling by electron heat conduction, which is responsible for the intense collisional recombination induced emission observed in the B = 0 case experiments, could result in XUV amplification.
